Midday transpiration rates and daily pan evaporation from forest floor and open area were measured to determine an effective way of controlling water loss from a Melia volkensii plantation. The research was conducted at an M. volkensii plantation in Tiva Pilot Forest, Kenya, during April and May 2014. A leaf porometer (LI-1600) was used to measure midday transpiration rates per unit leaf area (T a ) from 11:00 h to 13:00 h for four trees at three different leaf heights: top (A), middle (B), and bottom (C) layers of a crown. Midday transpiration rate per layer (T l ) and midday transpiration rate per tree (T t ) were estimated based on T a and leaf area (LA) of layers. Daily pan evaporation from forest floor and open area were measured using 25 and two evaporation pans, respectively. T a values for layer A were not significantly different among sample trees, while T l values for layer A were significantly different, indicating the influence of LA on water loss through transpiration. Since T l from layers B and C accounted for half of T t , pruning of these layers could cause a 50 % reduction in water loss through transpiration. Daily pan evaporation in the plantation was approximately 70 % lower than that in the open area. Therefore, the layer A left after pruning should keep water loss through evaporation from the forest floor lower than that from the open area. Further research is required to determine the effect of pruning on reduction of water loss from the plantation.
INTRODUCTION
More than 80 % of Kenya s land consists of arid and semi-arid lands containing sparse dry bush and open wooded grassland (Government of Kenya 2010). Approximately 12 % of the remaining land covered by closed canopy forests in 1963 was progressively reduced to 1.7 % in 2006, as a result of the development of agriculture (Bosire 2006 , Government of Kenya 2010 . Moreover, illegal logging, grazing, and mining have led to an accelerated rate of destruction of forests (JIFPRO 2012) . Therefore, it is vital to conserve the remaining forests for future generations.
The planting of trees produces wood, and also helps to conserve natural forests. However, the evergreen tree species Grevillea robusta and Eucalyptus camaldulensis, which have been planted extensively in Kenya, consume large amounts of water, and have led to the depletion of water resources (Rumley et al. 2006 ). The climatic conditions in the Loess Plateau in China are similar to those of the arid and semi-arid lands of Kenya, and the river flow in this area was expected to decrease by 9 % when trees were planted on its bare land (Zhang et al. 2008) . Thus, in arid and semiarid areas, the conservation of water resources must be taken into consideration when planning the planting of trees (JIFPRO 2014b) .
Melia volkensii is grown widely in East Africa (Ethiopia, Somalia, Kenya, and Tanzania), and is used by local people as timber (Maundu and Tengnäs 2005) . M. volkensii is a deciduous tree that grows rapidly. It sheds its leaves in the early dry seasons, and continues to produce new leaves towards the end of the dry seasons (Stewart and Blomley 1994) . JIFPRO (2014a) reported that M. volkensii had active midday transpiration rates per unit leaf area (T a ) from 10:00 h to 14:00 h (most active T a at 10:00 h). Maximum T a values obtained for M. volkensii were approximately three times higher than those of Acacia senegal, another popular deciduous plantation tree (JIFPRO 2014a) . Hence, transpiration rates of M. volkensii need to be examined more closely to determine an efficient management strategy that can help in reducing the tree s water consumption. T a data of different leaves in a crown can be useful for devising a pruning strategy since transpiration rates can differ depending on the leaf s position in a crown. Transpiration rates of leaves expanding at different positions in a crown of Eucalyptus pilularis were different, but this was not the case in Eucalyptus cloeziana (Alcorn et al. 2008) . This suggests that before pruning is conducted, T a values need to be measured, and the transpiration rates of M. volkensii need to be evaluated with respect to the leaf positions in a crown. Moreover, by partitioning the crown into layers, midday transpiration rates per layer (T l ), and per tree (T t ) can be quantified. These data can help towards deciding the optimum crown length that needs to be removed, and for estimating the amount of water suppressed by pruning.
Ground water evaporation inside the plantation and outside of the plantation should also be investigated before devising an appropriate forest management strategy in arid and semi-arid areas. A number of studies on evaporation on dry land were conducted in cultivated areas, and showed that evaporation from the arable fields accounted for 30-75 % of the annual rainfall (Cooper et al. 1987, Stewart and Burnett 1987) . These studies indicate that the amount of water lost through evaporation varies depending on the plant species present in the plantation, and that the effect of M. volkensii plantation on ground water evaporation needs to be assessed to manage the water loss through evaporation.
We examined the characteristics of midday transpiration rates and daily pan evaporation in order to determine ways of reducing water consumption by the M. volkensii plantation. Our focus was on dominant and suppressed trees in the plantation because they have distinct physiological traits (O Grady et al. 2010) . We determined T a at different positions in a crown, where the light intensity is influenced by cumulative leaf area index (LAI) (Monsi et al. 1953) . We also determined transpiration rates as T a , T l , and T t, and measured daily pan evaporation from the forest floor and open area.
STUDY SITE AND METHODS

Study Site
This study was carried out at an M. volkensii plantation in the Tiva Pilot Forest (1˚21 S, 37˚52 E), Kitui, Kenya (Fig. 1 ) from April to May 2014. The plot was square with an area of approximately 0.27 ha. Based on data from a tree census conducted in 2013 (Yoshikawa et al. unpublished), 197 trees were growing at 11 years after planting. The plantation was surrounded by natural vegetation consisting of shrubs smaller than 2 m in height. The east side of the plantation was an open area with sparse grass.
The mean annual temperature and rainfall were 22.9 from 2010 to 2011 (JIFPRO 2012) , and 619 mm from 1995 to 1999 (Kondo et al. 2006 ), respectively. The research site s climate is considered to be semi-arid (UNEP 1997) , with two dry seasons (from January to March, and June to August), and two rainy seasons in between.
For this study, another tree census was conducted in May 2014. Tree height and stem diameter at breast height (DBH) were measured for all the trees in the plantation. The horizontal width (CW h ) and vertical width (CW V ) of the crown were measured manually as the distance between two tips of a green crown on opposite sides. Canopy projection area (CPA) was calculated as follows (based on the assumption that the crown was elliptical in shape):
where the value of was considered to be 3.14. Twentyfive hemispherical photographs were taken at random in the plantation with a fish-eye lens (FC-E8, Nikon, Tokyo, Japan), using a camera (Coolpix 4500, Nikon, Tokyo, Japan) at a height of 1.2 m above the ground. Canopy cover and LAI of the plantation were calculated from the hemispherical photographs with LIA32 (Yamamoto 2004) . 
Selection of sample trees and division of crowns
We selected four dominant and suppressed trees in total (see Table 1 ). Based on the tree census conducted in 2013, those trees with DBH values lower than the mean DBH of all plantation trees were defined as suppressed trees (Tree-1 and Tree-2), while those with DBH values higher than the mean were defined as dominant (Tree-3 and Tree-4) (Yoshikawa et al. unpublished) . Tree-1 was higher than Tree-2, while Tree-3 was higher than Tree-4. We classified a crown into three layers: top layer (A) consisting of 0 to 33 % of the crown length from the top, middle layer (B) consisting of 33 to 67 % of the crown length, and bottom layer (C) consisting of 67 to 100 % of the crown length (Fig. 2) . The crown length was determined as the distance between the lowest live branch and the top of the crown. Light intensity, midday transpiration rates, leaf area (LA), and cumulative LAI were measured at each layer. The details of each measurement are described below.
Light intensity
Light intensity (I ) was measured in lux using a digital luxmeter (T-1 H, KONICA MINOLTA, Inc., Tokyo, Japan) between 10:00 h and 11:00 h on 1 st of May, 2014. Measurements were conducted at 17 % of the crown length from the top for layer A (I A ), at 50 % of the crown length for layer B (I B ), and at 84 % of the crown length from the top for layer C (I C ). Measurements were conducted on two, three, and three sample leaves at A, B, and C layers, respectively of Tree-1, two leaves at each layer of Tree-2 and Tree-4, and two, six, and three leaves at A, B, and C layers, 
Midday transpiration by M. volkensii
We measured T a for four sample trees. One to six leaves were selected from each layer, and T a was measured with a leaf porometer (LI-1600, LI-COR, Inc., Nebraska, USA). The measurements were conducted on each leaf between 11:00 h and 13:00 h every day from 26 th to 30 th of April. For each layer, T l was calculated by multiplying T a with LA. T t was calculated as the sum of T l of each layer. We ensured that the sky was clear, and without any clouds when we conducted transpiration measurements at daytime from 25 th to 30 th of April.
Determination of LA and cumulative LAI
The western part of Tree-1 and eastern parts of Tree-2, Tree-3, and Tree-4 (a quarter of whole leaves per tree) were harvested at each layer, and their dry weights (DW) were measured in grams. Specific leaf area (SLA) of each layer was measured in m 2 /g for the sample leaves. LA was measured in m 2 for each layer, and total leaf area (TLA) calculated as the sum of LA of all the layers was determined as follows:
where LA A , LA B , and LA C denote LA at layers A, B, and C, respectively. We calculated cumulative LAI for layers A, B, and C to compare with light intensity. Because we measured I A , I B , and I C on the sample leaves that expanded at the middle height of each layer, cumulative LAI of each layer was defined as LAI at the middle height of each layer from the top of the tree (Fig. 2) . The cumulative LAI of each layer was calculated using the following equations:
where cumulative LAI A , LAI B , and LAI C are cumulative LAI of layers A, B, and C, respectively.
Meteorological Data
Daily precipitation at the Tiva nursery was recorded using a rain gauge (RG3-M, Onset Computer Corporation, Massachusetts, USA) ( Fig. 1) . Atmospheric relative humidity and temperature were recorded at the open area next to the plantation plot at 15-minute intervals from 25 th of April to 14 th of May, 2014, using a thermal recorder (TR-72 U, T&D Corporation, Matsumoto, Nagano, Japan). Vapor pressure deficit (VPD) was calculated based on humidity and temperature (Campbell and Norman 1998) . A straight wooden bar was placed at the open area, and the thermal recorder was attached to the bar at a height of 1.3 m above the ground. An aluminum shield was placed on the device to prevent contact with direct sunlight.
Pan evaporation from forest floor and open area
A cylindrical evaporation pan that had a surface area of 147 cm 2 was used for measuring daily pan evaporation. This was determined by calculating the difference in the volume of water between 6:00 h and 18:00 h. The measurement was conducted from 26 th of April to 14 th of May, except for seven days when measurements were not conducted owing to weather conditions. Twenty-five pans were placed on the forest floor at approximately 3 m intervals along two parallel 39 m lines. We avoided placing the pans at the fringes of the plantation and under the conditions with direct sunlight in the plantation. Two pans were placed on the open area, and grass within 1 m radius of the pans was removed.
Statistical analysis
Differences between T a values among layers and sample trees were evaluated by two-way analysis of variance (ANOVA), followed by Tukey's honest significant difference (HSD) multiple comparison test (P 0.05). ANOVA was performed to test the effects of layers and sample trees on T a . Tukey s HSD test was used to assess significant differences between midday transpiration rates among layers of the same sample tree, and among sample trees at the same layer. Relationships between T a and I /I 0 , and between I /I 0 and cumulative LAI were investigated using simple linear regression and logarithmic regression, respectively. We examined the relationship between mean daily pan evaporation at open area and forest floor using linear regression through the origin. Regression correlations were analyzed using Pearson s product-moment correlation coefficient. All statistical analyses were performed in R 3.1.3 GUI 1.65 (R Core Team 2016).
RESULTS AND DISCUSSION
The heights of trees in the plantation were in the range of 2.7 to 11.6 m, with a mean s.d. height of 8.6 1.5 m, while DBH values ranged from 2.3 to 21.0 cm, with a mean of 14.0 3.6 cm. CPA values were within the range of 2.2 to 49.4 m 2 and the mean value was 22.2 9.9 m 2 . The values of canopy cover and LAI in the plantation were 73.4 3.1 % and 1.3 0.2, respectively. Therefore, the plantation had a closed canopy.
The daily maximum and minimum temperatures recorded during our study were 33 and 15 , respectively, while the average temperature was 22.5 ( Fig. 3) . Humidity varied from 100 % to approximately 40 %, and the daily average was approximately 80 %. On some days, VPD was higher than 3 kPa, although the daily mean was lower than 1 kPa. Rain fell on three days during the measurement period of 19 days. These climatic conditions were similar to those observed during April and May in 2011 and 2013 (JIFPRO 2014a) . The climatic conditions in 2012 were not recorded owing to technical issues.
The values of I B and I C were approximately one-half and one-fourth of I A , respectively (Table 1) . Therefore, our division of the crown into three layers enabled us to efficiently investigate the changes in T a with respect to I within each tree. Relative light intensity (I /I 0 ) at the same layer was different within the sample trees, perhaps because of the number of leaves in a crown and the crown shape (Table 1) . For example, Tree-1 had a small and sparse crown, through which light would be able to penetrate easily, while Tree-3 had a large and dense crown, through which light penetration might be difficult. Because we measured I at the same percentage of crown length from the top for all the sample trees, comparison of T a and T l at the same layer was based on T a at the same relative position in crowns, and not on the same light condition. Significant differences were observed between T a values of different layers (F 72.9, P 0.001), and different sample trees (F 5.48, P 0.05) ( Table 2) . Significant interaction was also observed between the layer of the crown and sample tree (F 3.58, P 0.05). T a values of layer A for Tree-1, Tree-3, and Tree-4 were not significantly different from those obtained for layer B, but were significantly higher than those of layer C, indicating a drastic decrease in T a at layer C (Fig. 4 a top panel) . On the other hand, Tree-2 did show such a change at layer B. T l values for all sample trees decreased from layer A to layer C (Fig. 4 a bottom panel) . T a values obtained for layer A for all sample trees did not show any significant differences (Fig. 4b top panel) . T a values obtained for layer B for the sample trees were not significantly different, except for the difference between Tree-1 and Tree-2. T a values obtained for layer C for Tree-3 was significantly lower than those for the other sample trees. T l values of layers A and B for Tree-3 and Tree-4 were significantly higher than those of Tree-1 and Tree-2 ( Fig. 4b bottom panel) . Since Tree-3 and Tree-4 had higher TLA than Tree-1 and Tree-2 (Table 1) , the difference observed between the trends in T a and T l indicates a greater contribution of TLA than T a towards water loss through transpiration.
A positive correlation was observed between I /I 0 and T a (R 2 0.40, P 0.001) (Fig. 5) . Moreover, I /I 0 decreased as cumulative LAI increased (Fig. 6) . Correlation was also observed between cumulative LAI and I /I 0 (R 2 0.90, P 0.001), suggesting that transmission of light through the canopies was in accordance with Beer-Lambert s Law (Monsi et al. 1953) . Light penetration in the lower layers was less than that in the upper layers. Therefore, T a at layer C was significantly lower than that at layers A and B. This observation was in agreement with the findings of previous studies (Pons et al. 2001 , Alcorn et al. 2008 .
Dominant and suppressed trees showed a clear difference with respect to T t , namely the values of T l obtained for Tree-3 and Tree-4 were significantly higher than those obtained for Tree-1 and Tree-2 ( Fig. 7) . Since T l is largely dependent on LA and not on T a , the results indicate that the difference in T t within the sample trees resulted from the difference in TLA. Therefore, in M. volkensii, TLA has a major influence on water loss through transpiration. This observation is in accordance with the results of previous studies (Martin et al. 2001 , Benyon et al. 2006 , Feikema et al. 2010 , Forrester et al. 2012 ). Thus, the determination of dominant and suppressed trees helps in predicting potential T t for trees in the plantation. A significant correlation was observed between mean daily pan evaporation from forest floor and open area on the 12 days from 26 th of April to 14 th of May (except for days when rain fell) ( Fig. 8 ). All data points fell down below the line y x (dashed line), indicating that the values obtained at the open area were higher than those obtained at the forest floor. Based on the slope of the regression line, we inferred that daily pan evaporation from the forest floor was approximately 30 % of that from the open area. These results suggest that, because of the canopy cover, planted trees suppressed pan evaporation from the ground by approximately 70 %.
In arid and semi-arid areas, the limited water resources available on the plantations need to be used effectively (Yoshikawa et al. 2004) . Pruning can play a substantial role in suppressing water loss through transpiration, because it is largely dependent on TLA, rather than on T a . Since T l of layers B and C accounted for approximately half of T t (Fig.  4a bottom panel) , we hypothesize that pruning of these parts could lead to a 50 % reduction in water loss through transpiration. Cumulative LAI, however, decreased to approximately 0.23 to 0.49 owing to pruning of layers B and C (Table 1) , and consequently I /I 0 increased to around 70 % (Fig. 6 ). If an increase in I /I 0 can lead to an increase in daily pan evaporation at the forest floor, then some techniques such as covering the soil s surface with organic matter (Mellouli et al. 2000) could help in reducing water (1) loss through evaporation. Moreover, leaves remaining on layer A after pruning could transpire more actively than they did before the pruning treatment (Alcorn et al. 2008) . Therefore, the effect of pruning on T a needs to be carefully monitored.
The assessment of evapotranspiration in April was not enough to determine the best way of reducing water consumption by the plantation. Since short-term and smallscale outcomes provide only a partial explanation of the dynamics of water use in tree plantations, large-scale and long-term re-afforestation policies in these areas should be based on long-term research (Cao et al. 2010 , Yoshikawa et al. 2004 ). Hence, we recommend that further measurements of water consumption by the M. volkensii plantation should be conducted for at least one year. In addition, we suggest that canopy interception, which accounts for a certain amount of water consumption by the plantations, e.g., 13 % of annual rainfall in an arid E. camaldulensis plantation (Tsukamoto 1992) , should also be included when evaluating the impact of the plantation on local water resources.
